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Abstract 
Graphene as a newly developed 2D material has attracted a lot of attention for its 
promising applications in optoelectronic fields. To pursue a profound understanding of 
its optical properties, this thesis presents the optical refractive index in response to the 
infrared incidents, and its modulations under external electric field.  
We tested the optical reflection response of monolayer graphene on an SiO2/Si 
substrate at 1550nm laser incident. The derived value of the graphene optical refractive 
index was: 2.75 − 1.56𝑖  at 1550nm, which made up for the deficiency of graphene 
optical properties in the infrared region. We also compared the results for the current 
work with studies in the visible spectrum, and we provide a value range for graphene 
RI, which can be used to estimate the monolayer graphene optical response to different 
incidents and substrates. Finally, we checked the graphene optical reflection changes in 
response to an external electric field using a top-gated graphene samples at 1064nm 
incident. We found that the tunability of complex refractive index of graphene verified 
according to gate voltage. Additionally, through comparison with other experimental 
work, we have found the optical refractive index trends are similar in infrared range.  
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1 Introduction 
Since its discovery (in 2004), graphene, as a new two-dimensional material, has 
attracted many researchers’ attention. Known as the thinnest elastic material, it is valued 
for its outstanding electrical, mechanical, optical and thermal properties [1-7]. 
Graphene, a so-called “wonder material”, will compliment the current semiconductor 
materials and be a central part in future devices, as it is lighter, stronger, more flexible 
and higher sensitive to electrons and photons.  
In 1947, P. R. Wallace started the theoretical research on graphite band structure. 
Then in the early 1970s, single layers of graphite were epitaxially grown on top of SiC 
and other semi-conductive materials. The breakthrough happened in 2004 when André 
Geim and Konstantin Novoselov successfully isolated a single atomic thin layer of 
graphite with adhesive tape [8]. Since its discovery, great interest has grown in 
developing the large-scale production of graphene, and in unveiling its properties in 
preparing, detecting, transferring, characters, and control fields. These properties have 
inspired a wide variety of technological applications, spurred on by potential 
applications such as single-electron transistors [1], flexible displays [2], and solar cells 
[4]. A lot of research effort devoted to understanding the main physical properties of 
graphene. 
1.1  Research motivation  
The electronic properties of graphene, i.e., the significant mobility of its massless 
electrons/holes (due to linear dispersive band structure) and its two-dimensional 
systems (monolayer structure), give it advantages over other semiconductor materials 
[5, 6].Thanks to the linear dispersion relation, the density of states in graphene are 
proportional to the energy, which creates a high density of electrons and holes. When 
graphene is introduced in field-effect transistors (FETs) as the channel material, it will 
exceed the limits on conventional planar transistor performance, so that it will giving a 
role booster technology for making short-channel- free ultimately fast transistors. 
Let us consider the optoelectronic properties of graphene. In addition to being 
conductive and transparent, the next generation of optoelectronic devices requires that 
transparent conductive electrodes be lightweight, flexible, cheap, and compatible with 
large-scale fabricating methods. As the most-transparent material (with a transmittance 
of around 98% per layer), and due to its universal conductivity, graphene has an 
excellent potential for the electrode application of organic electronic devices where low 
sheet resistance and high transparency are essential [9].  
The elementary condition needed to achieve the technology applications of 
graphene is appropriately understanding of its optical and electronic properties. The 
research described in the optical refractive index of monolayer graphene in response to 
infrared incidents and how the optical properties change due to manipulation of external 
gated voltages.  
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1.2  Thesis objective and contribution 
In the past few years, the researches in graphene optical properties area has 
concentrated on the visible range. However, the optical response of graphene under 
infrared region is a deficiency. To supplement the lack, the primary purpose of the thesis 
is obtaining the refractive index of graphene at the infrared range, and the influences of 
external voltage on it.  
This is the first time we report the refractive index (RI) of graphene under infrared 
incidents. Also, we present an evaluation method of graphene (RI) with different 
incidents wavelengths. Combined the results of optical reflection experiments and the 
evaluation method, we derived the complex value of graphene RI and compared it with 
reported ones. Besides, we tested how graphene RI transforms with external gate 
voltage changing. 
1.3  Outline 
This thesis presents the linear complex optical refractive index of monolayer 
graphene and its tunability with electrical control. 
Chapter 2 describes the introduction of the atomic structure of graphene, and 
related electronic, mechanical, optical properties and transport with external fields. 
Then several opto-electronic applications are submitted due to the unique properties. In 
Chapter 3, we present the synthesis of monolayer graphene samples and the preparation 
procedure of gated graphene samples in our experiments. Chapter 4 is the experimental 
part. In this section, we obtained the reflectivity data through the optical reflection tests 
and calculated the value of graphene refractive index, then compare the results with 
ones in literatures. In the last chapter, we summarize the whole work and draw 
conclusions. 
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2 Introduction to graphene 
Carbon materials, which are entirely composed of carbon, have various allotropes. 
In nature, graphite and diamond are the bulk allotrope of carbon. From the last decades, 
a serial of novel nanostructures of carbon allotropes has been discovered. They include 
Fullerene, Carbon nanotubes, and graphene [10]. The atomic structure of these carbon 
allotropes is sketched in Figure 2.1. 
 
Figure 2.1 Schematic of carbon family materials (a) Bulky ball. (b) Carbon nanotube. (c) 
Graphene [10]. 
2.1 Graphene atomic structure  
Graphene, the name given to a flat monolayer of carbon atoms tightly packed into 
a two-dimensional (2D) honeycomb lattice, is a fundamental building block for 
graphitic materials of all other dimensionalities (shown as in Figure 2.2). It has 
fascinating electronic, optical and mechanical properties and these properties, which 
are attracting attention for both scientific research as well as engineering applications. 
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Figure 2.2 Graphene lattice structure and its Brillouin zone [11] 
 
In the structure in Figure 2.2 a, there are two non-equivalent atoms in each unit cell 
(the area enclosed by dashed lines), named the A atom and B atom, respectively. Two 
primitive lattice vectors are forming an angle of 60 degrees. Based on these two natural 
lattice vectors ( 𝑎1⃑⃑⃑⃑  ,𝑎2⃑⃑⃑⃑ ), the first Brillouin Zone (Figure 2.2 b) can be derived as 
momentum space. Reciprocal wave vectors connect three of the six corners in the first 
Brillouin zone, so they are equivalent and named as K points. The other three equal 
points are designated as K’ point (see Figure 2.2). 
This lattice structure can be simulated with a tight binding model, with the lattice 
vectors (shown in Figure 2.1 a): 
𝑎1⃑⃑⃑⃑  =
𝑎
2
(3, √3) ,      𝑎2⃑⃑⃑⃑ =
𝑎
2
(3, −√3)           (2-1) 
Where 𝑎 ≈ 1.42Å  is the nearest neighbor distance. It corresponds to a so-called 
conjugated carbon bond (like in benzene) intermediate between a single bond and a 
double bond, with lengths 𝑟1 ≈ 1.54Å , and 𝑟2 ≈ 1.31Å, respectively. Atoms A and B 
belong to two different sublattices, and each atom from sublattices A being surrounded 
by three atoms from sublattices B, and vice versa. The reciprocal lattice is derive in the 
same way the lattice vectors (𝑏1⃑⃑  ⃑, 𝑏2⃑⃑⃑⃑ ) in Brillouin zone. 
𝑏1⃑⃑  ⃑ =
2𝜋
3𝑎
(1, √3),     𝑏2⃑⃑⃑⃑ =
2𝜋
3𝑎
(1, −√3)                 (2-2) 
In the nearest neighbour approximation, there is no hopping process within the sub-
lattices; hopping occurs only between A and B. The tight binding Hamiltonian is 
therefore described by the 2 × 2 matrix [10] 
𝐻(?⃑? ) = (
0 𝑡𝑆(?⃑? )
𝑡𝑆∗(?⃑? ) 0
)                (2-3) 
Where t is the hopping parameter, ?⃑? = (𝑘𝑥 ,𝑘𝑦) is the electrons wave vector and  
𝑆(?⃑? ) = 2 exp(
𝑖𝑘𝑥𝑎
2
)cos(
𝑘𝑦𝑎√3
2
) + exp (−𝑖𝑘𝑥𝑎)             (2-4) 
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Near these points, charge carriers have a linear dispersion, unlike the parabolic 
dispersion is other 2D electron gas systems. This results in conical valence and 
conduction bands touching each other at the Dirac points. (Figure 2.3) Thus, graphene 
can be considered as a zero-gap semiconductor with a linear dispersion governed by 
the Dirac equation, this equation is often used to describe the dispersion of light and 
massless relativistic particles.  
𝐸(𝑘)± = ±ℎ𝜈𝑓|𝑘|                         (2-5) 
Where ℎ is the Plank constant, and 𝜈𝑓  is Fermi velocity. 
 
Figure 2.3 Electronic band structure of graphene at Dirac points [10] 
  
 
2.2 Graphene as a 2D material 
2.2.1 Electronic properties of graphene 
The electronic properties of graphene results from its low-dimensional structure. 
As explained in section 2.1, the honeycomb lattice structure of graphene is made up of 
three unit cells with two unequavalent atoms. Thus, a tight-binding approximation [12] 
is used to describe the electronic structure of graphene. Solving the Hamiltonian 
equation of graphene structure (equations (2-3), (2-4)) derives the energy dispersion 
relation: 
𝜀(𝑘𝑥 ,𝑘𝑦) = ±𝑡√1 + 4 cos(
√3𝑘𝑥𝑎
2
)𝑐𝑜𝑠 (
𝑘𝑦𝑎
2
) + 4[𝑐𝑜𝑠 (
𝑘𝑦𝑎
2
)]
2
    (2-6) 
Where 𝑘𝑥 and 𝑘𝑦 are the x and y components of the k vector (shown in Figure 2.3) in 
the momentum zone of the first Brillouin zone.  
What is mostly of interests in graphene research is the behavior stemming from its 
electronic properties due to its particular electronic structure and the massless Dirac-
fermion behavior [13-16].  
The optical transitions of a graphene monolayer depend on its band structures. 
There are two types of particle optical excitations in graphene as shown in Figure 2.5.  
Figure 2.4 a depicts the interband transition whereby electrons absorbed photons and 
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are excited more into the conduction band. Since the speed of light is much larger than 
the Fermi velocity in graphene, such interband transitions connect two states with 
almost the same momentum. Apparently, because the position of the Fermi level is 
controlled by electrostatic gating, the threshold energy of interband transition can be 
continuously tuned. The interband transition mainly determined by the optical 
properties of graphene in infrared to visible and ultraviolet ranges. 
The exciting fact about the interband transition in monolayer graphene is that, at 
zero temperature, the optical conductivity is determined by the fundamental constant as 
𝜎0 =
𝜋𝑒2
2ℎ
, which is independent of frequency 𝜔 . As a result, the corresponding 
absorbance is 𝐴(𝜔) = 𝜋𝛼 = 2.3% , where 𝛼  is the fine structure constant. This 
frequency-independent universal optical conductance is not entirely unexpected since 
there is no characteristic energy scale in the linear band structure. 
The other primary optical transition is the intraband transition as shown in Figure 
2.4b. Such transitions connect the initial state and external state within the same band. 
Due to the significant mismatch between the speed of light and Fermi velocity, the 
intraband transition happens only with the momentum contributed by defects and 
impurities. The intraband transitions can be described by the tight binding model where 
the conductivity formulas are [20, 21]. 
 
 
Figure 2.4 Optical transitions in monolayer graphene. a, Interband transitions from full state 
(red line) in the valence band to empty states (green line) in the conduction band. b, Intraband 
transitions from filled states to empty states in the same band. 
 
The Figure 2.3 shows the energy dispersion of graphene near K points, this linear 
energy-momentum relation (equation (2-5)) enables graphene different from 
conventional semiconductors. Comparing this with massless particles obtained from 
Dirac equation, derived that the effective Fermi velocity of graphene is around 𝜈𝐹 ≈
𝑐
300
 [22].  
The incredible electronic properties of graphene have greatly motivated the 
scientific community to pursue a better understanding of their primary physical features, 
with the hope of converting them into real technological applications. However, the 
lack of its electronic models restricts its applications on digital devices. Thus alternative 
strategies capable of inducing a band gap in graphene are being sought. Recently 
stacked graphene layers in the form of bilayers or graphite structures [23-25] have 
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offered a promising route for band gap manipulation. 
2.2.2 Mechanical properties of graphene 
Graphene has been confirmed as the “strongest material ” based on its sustaining 
breaking strength of 42N/m with an intrinsic mechanical strain of ~25% and Young’s 
modulus of Y~1.0Tpa [26]. Its automatic thickness can also be controlled by a 
mechanical stress measurement, which performed on graphene sheets subjected to 
deformation induced by depositing different insulating capping layers [27]. Various 
theoretical works have confirmed the experimental findings regarding to the main 
mechanical features of graphene. Among them, ab initio [28], tight binding [29], 
molecular dynamics simulations [30, 31], and semi-empirical models [32] have 
successfully estimated Young’s modulus and other intrinsic mechanical quantities of 
graphene. 
Figure 2.5 illustrates the toughness and strength of graphene and graphite versus 
the graphene sheet size in a theoretical research [33]. From Figure 2.5 a, we can see the 
c-bond graphene is stronger than graphite and h-bond graphene, the peaks for all three 
materials are reached when graphene sheet size around 25nm. For c-bond graphene, the 
toughness is between 300MPa to 400MPa, and the strength is about 14Gpa when 
graphene sheet size over 20nm. It proves suspended graphene is exceptionally resistant 
to mechanical force. 
 
Figure 2.5 a. Plots of toughness and strength of coordinative bond graphene (CB), hydroxy1 
graphene (HB1) and graphite; b. Tensile strength and toughness dependence on interlayer shear G 
and graphene size. [33] 
2.2.3  Transport properties under external fields 
The successful realization of graphene based nano-devices mostly depends on its 
unique electronic properties in thick atomic structure. In fact, when external fields like 
electric or magnetic fields and gate voltage under DC conditions worked on the low 
dimensional systems, some unique phenomenon can be observed. More importantly, 
the conductance of the system varies sharply by integer multiples of the quantum 
conductance concerning the strength of the electric field. Additional transport features 
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can be visualized when a rotating gate plate acts on the graphene ribbons. The 
transmission is shown to be dependent on the gate orientation and the width of ribbons 
[36]. External electric fields can also be used to efficiently tune critical physical 
quantities of graphene such as work function [37] and electron-phonon coupling [38].  
An electric field effect (EFE) tuned electron-phonon coupling has been observed 
in Raman spectra of single-layer graphene [38] (shown in Figure 2.6). In the graph, the 
G band, the G-mode of Ramen spectra in graphene, depicts the in-plane vibration of 
carbon atoms in graphene. The G-band energy and the G-band width illustrate the 
energy normalization and the phone damping of graphene at G-mode respectively. G 
band is the gate voltage dependence of phonon frequency, and damping reveals charge-
tunable interactions of optical phonons with Dirac fermion transitions across a 
vanishing band gap.  
 
 
Figure 2.6 G band energy (squares) and G bandwidth (circles) of monolayer graphene under 
continuous gate voltage [38]. 
2.3 Optical properties of graphene 
The electromagnetic properties of graphene are based on its unique atomic 
structure (see Figure 2.3) and the electronic band-gap between graphene sheet layers. 
As it is a two-dimensional material, the massless Dirac fermions in graphene have an 
amazing property: the optical response is universal and expressed only regarding to the 
fine-structure constant. To derive this response, we need determine the electric field of 
the incident light via a vector potential: 𝐴 (𝑡) = 𝐴 exp(−𝑖𝜔𝑡), 
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?⃑? (𝑡) = −
1
𝑐
𝜕𝐴 
𝜕𝑡
=
𝑖𝜔
𝑐
𝐴                         (2-7) 
Thus, the incident working on the Hamiltonian of Dirac electrons in the presence 
of an electric field is [41]: 
𝐻 = 𝜈𝜎 (𝑝 ̂ −
𝑒
𝑐
𝐴 ) = 𝐻0 + 𝐻𝑖𝑛𝑡                    (2-8) 
Where 
𝐻𝑖𝑛𝑡 = −
𝜈𝑒
2𝑐
𝜎 𝐴 =
𝑖𝑒𝜈
2𝜔
𝜎 ?⃑?                     (2-9) 
is the Hamiltonian of the electron-photon interaction. The factor 
1
2
 in equation (2-8) is 
necessary since the standard expression for the complex field is [41]: 
?⃑? (𝑡) = 𝑅𝑒[?⃑? exp (−𝑖𝜔𝑡)] =
1
2
[?⃑? exp(−𝑖𝜔𝑡) + ?⃑? ∗exp (𝑖𝜔𝑡)]      (2-10) 
And only the first term needs to take into account. This interaction induces transitions 
from the occupied hole states 𝜑ℎ(?⃑? )  to empty electron states 𝜑𝑒 (?⃑? )  with the same 
wave vector ?⃑? , the intraband transitions being forbidden by the momentum 
conservation (Figure 2.4(a)). The matrix element of the Hamiltonian (equation (2-7)) is  
⟨𝜑ℎ|𝐻𝑖𝑛𝑡|𝜑𝑒⟩ =
𝑒𝜈
2𝜔
(𝐸𝑦𝑐𝑜𝑠𝜙 ∓ 𝐸𝑥𝑠𝑖𝑛𝜙)            (2-11) 
Where the negative and positive signs correspond to K and K` valleys. The sign depends 
only on the polar angle 𝜙  of the ?⃑?  vector, not on its length. After determining the 
average values, the square matrix element |𝑀|2 over 𝜙 is found [41]: 
|𝑀|2 ≡ |⟨𝜑ℎ|𝐻𝑖𝑛𝑡|𝜑𝑒⟩|
2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅
=
𝑒2𝜈2
8𝜔2
|?⃑? |
2
               (2-12) 
Here, assuming the photon propagates perpendicular to the graphene plane, thus, 
the electrical field  ?⃑? = (𝐸𝑥 , 𝐸𝑦 , 0)  lies within the plane. The absorption probability 
per unit time, to the lowest order of perturbation theory [39], is  
𝑃 =
2𝜋
ℏ
|𝑀|2𝑁 (ℰ =
ℏ𝜔
2
)                    (2-13) 
Where,  𝑁(ℰ) =
2|𝐸|
𝜋ℏ2𝜈2
 is the density of states (DOS) of single layer graphene (2D 
material DOS), the spin and valley degeneracy have been considered, and the energy 
of the final state is: 
ℏ𝜔
2
. Substituting the equation (2-12) and DOS expression into (2-
13) results in: 
𝑃 =
𝑒2
4ℏ2𝜔
|?⃑? |
2
                        (2-14) 
Thus the absorption energy per unit time is  
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𝑊𝛼 = 𝑃ℏ𝜔 =
𝑐
4ℏ
|?⃑? |
2
                         (2-15) 
Simultaneously, the incident energy flow is 𝑊𝑖 =
𝑐
4𝜋
|?⃑? |
2
 [40]. Therefore the 
absorption coefficient is  
𝐴0 =
𝑊𝛼
𝑊𝑖
=
𝜋𝑒2
ℏ𝑐
=
1
137 .04
≈ 2.3%                    (2-16)  
This is a universal absorption for different frequency incidents on monolayer 
graphene. Moreover, it is much higher than the Fermi energy of electron hopping 
between layers of multilayer graphene or graphite. Therefore, the absorbance of N-layer 
graphene is 𝑁𝐴0  (shown in Figure 2.7). This behavior was observed experimentally 
for single layer and bilayer graphene [41].  
 
Figure 2.7 experimental results of absorbance of graphene under the 550nm incident. A. 
optical transmittance of monolayer and bilayer graphene; B. light transmittance tendency with 
different graphene layers [40] 
 
The optical conductance of graphene defined from its linear dispersion relation, 
and can be expressed as: 
𝜎 = 𝜎𝑟 + 𝑖𝜎𝑖                  (2-17) 
Where 𝜎𝑟  and 𝜎𝑖  are the real and imaginary part respectively, which can be 
rewritten as [41]: 
𝜎𝑟 = 𝜎0 [
1
2
+
1
72
(ℏ𝜔)2
𝜉2
]× (𝑡𝑎𝑛ℎ
ℏ𝜔+2𝜇𝑐
4𝑘𝐵𝑇
+ 𝑡𝑎𝑛ℎ
ℏ𝜔−2𝜇𝑐
4𝑘𝐵𝑇
)       (2-18) 
𝜎𝑖 = 𝜎0 [
𝜇𝑐
ℏ𝜔
4
𝜋
(1 −
2𝜇𝑐
2
9𝜉2
) − 𝑙𝑜𝑔
|ℏ𝜔+2𝜇𝑐 |
|ℏ𝜔−2𝜇𝑐 |
(
1
𝜋
+
1
36𝜋
(
ℏ𝜔
𝜉
)
2
)]       (2-19) 
Where 𝜉~3𝑒𝑉  is the energy hopping between nearest atoms in the tight binding 
model [41], 𝜇𝑐  is the chemical potential near Dirac point, 𝑘𝐵𝑇 is the thermal energy, 
ℏ𝜔  is the incident photon energy, and 𝜎0 =
𝜋
2
∙
𝑒2
ℎ
≈ 6.08 × 10−5Ω−1  is the universal 
graphene conductance. One theoretical work shows when the temperature T=300K 
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under visible incidents, the real part and imaginary part of graphene conductance are 
𝜎𝑟 = 1.016𝜎0 and 𝜎𝑖~0, respectively [42].  
2.4 Optical refractive index of graphene 
From Maxwell equations and Snell’s law, displacement ?⃑? , magnetic field ?⃑?  and 
surface current 𝐽  can be expressed as: 
?⃑? = 𝜀0?⃑? + ?⃑? = 𝜀0𝜀𝑟 ∙ ?⃑?                      (2-20) 
𝐽 =
𝜎
𝑑
?⃑?                            (2-21) 
∇ × ?⃑? =
𝜕?⃑? 
𝜕𝑡
= 𝐽 +𝜀0
𝜕?⃑? 
𝜕𝑡
                      (2-22) 
Where ?⃑?  is the dielectric polarization, 𝜎  is the conductance, 𝑑  is the material 
thickness. 𝜀0  is the free space permittivity ( 8.854 × 10
−12𝐹/𝑚 ), and 𝜀𝑟  is the 
relative material permittivity, 𝜇0  is the open space magnetic permeability ( 4𝜋 ×
10−7𝐻/𝑚), 𝜇𝑟 is relative permeability of the material.  
Substitute equations (2-17) and (2-18) into (2-19), we can rewrite the equation as: 
𝜎
𝑑
?⃑? + 𝑖𝜔𝜀0 ?⃑? = 𝑖𝜔𝜀0𝜀𝑟?⃑?                     (2-23) 
We can extract the relative permittivity 𝜀𝑟  as: 
𝜀𝑟 = 1 +
𝜎
𝑗𝜔𝜀0
                       (2-24) 
Definition of the refractive index of the medium is 𝑛 = √𝜀𝑟𝜇𝑟 , which indicates the 
transmission efficiency in the medium. Regarding the linear susceptibility, the 
refractive index is 𝑛0 = √𝜀𝑟 , 𝜇𝑟 = 1  when the material is graphene. Therefore, we 
can obtain the graphene refractive index as: 
𝑛𝑔 = √𝜀𝑟 = √1 +
𝜎
𝑗𝜔𝜀0
                    (2-25) 
 
With the experimental discovery of isolated single-layer graphene in 2004 by 
Andre Geim and Konstantin Novoselov [1], came a flurry of research into its unique 
and exciting material and electronic properties. The typical optical response of 
graphene directly depends on its hexagonal lattice structure of carbon atoms, such as 
the universal absorption, the electrical conductivity and an easily tunable optical 
response. The linear energy dispersion relation of graphene sheet enables the surface 
plasmons propagation: charge density waves moving at the interface of graphene and 
electric materials. This excellent property supports graphene gating materials easily 
varying their plasmatic states broadly, making graphene a viable material for plasmonic 
applications from terahertz to mid-infrared frequencies. Gating structures involve two 
varieties, back-gating and top-gating. Both gates structures can provide the carrier 
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concentrations of graphene can be conveniently modified. With an applied voltage V, 
the adjusted carrier concentration N, in graphene is: 
N =
ϵDC |VG−VCNP |
ed
                     (2-26) 
Where 𝜖𝐷𝐶  is the dielectric constant of the gate dielectric, 𝑉𝐺  is the voltage 
applied between graphene and the 1back-gate, 𝑉𝐶𝑁𝑃  is the voltage of the charge 
neutrality point of graphene, e is the electron charge, and d is the thickness of the gate 
dielectric. The strength of the tuning, as well as the overall properties of graphene, are 
heaving dependent on its surrounding dielectric environment. As a result, it is essential 
to examine the range of dielectrics as substrates for graphene. 
The research of tendency of graphene optical properties under manipulated 
external electric field, is an essential compliment to get better understanding for 
graphene. The graphene reflectance can be modulated by the applied gate voltage V on 
it. Therefore, the complex refractive index 𝑛  can express as 𝑛 = 𝑛0 + 𝛿𝑛(𝑉)  in 
specific.  
2.5  Optoelectronic application in graphene 
Due to the unique properties of graphene, its applications in the optoelectronic 
field are from improving the performance and shrinking the size simultaneously for 
current devices.  
Due to its excellent electronic properties, one promising application of graphene 
is the commercial scale electronic and photonic devices, such as graphene-based field-
effect transistors (GFET) [44, 45], and THz optoelectronics devices [46]. 
 
Figure 2.8 Back-gate graphene/Si FET fabrication and working efficiently. a. cross-section of 
GFETs; b. Fabricated section; c. Intrinsic transfer conductance with gate voltage [45] 
 
A successful fabricated back gate GFET example and its characterization (Figure 
2.8), which is monolayer graphene grown on 3C-SiC (80nm) layer (back-gate) [45]. 
This sample annealed under 1200 ℃ , this relatively higher temperature decreases the 
gate leakage current. As shown observe in Figure 2.8c, the maximum trans-conductance 
of graphene/3C-SiC is 17mS/mm. The gate insulator thickness (80nm) with gate length 
of 20μm creates an impressive intrinsic transconductor 2.7S/mm.  
c 
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Figure 2.9 a. Excellent flexibility of an assembled graphene/PET touch panel; b. A graphene-
based touch-screen panel connected to a computer with control software; c. Electro mechanical 
properties of graphene-based touch-screen devices compared with ITO/PET electrodes under 
tensile strain. [47]. 
 
A representative application of graphene-based film is the touchscreen, which 
already adapted to electrical devices, like cell phones and monitors. Fabrication of the 
graphene electrodes is etching oxygen plasma on monolayer, and then attaching the top 
and bottom films, shown in Figure 2.9.  
Electrodes for optoelectronic devices, include liquid crystal displays (LCD) and 
organic light emitting diodes (OLED). Graphene is almost transparent (𝑇 ≅ 98%) to a 
wide range of light frequencies, which makes it be the perfect material to substitute for 
the current one (ITO). Graphene is also highly conductive, as we have previously 
mentioned and so it would work very well in optoelectronic applications such as LCD 
touchscreens, solar cell materials, and biosensors. 
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3 Graphene sample synthesizes  
3.1 Introduction 
In the last decade, due to its significance in both researches and applications, the 
need to produce high-quality large-scale graphene has stimulated many fabricating 
techniques. Among them, exfoliation [53-55] and thermal chemical vapor deposition 
(CVD) [56] are the popular ones. In the chapter, we introduce both synthesis methods 
and compare their advances and deficiencies. Also, we present the fabrication processes 
of graphene samples and graphene-based field effect transistors (GFETs) used our 
experiments. 
 
3.2  Synthesis of graphene samples 
The synthesis techniques of graphene includes two basic types, the top-down 
methods and bottom-up buildings (shown in Figure 3.1). The top-down fabrications 
means obtaining graphene from bulk materials such as graphite. Among these top-down 
methods, the mechanical exfoliation synthesis is the most financial reasonable and 
handful way to manufacture graphene, and this method first explored by Novoselov [9] 
in 2004. For the bottom-up techniques, most methods are basically growing graphene 
lyaers on different substrates. In 1970s, single atomic layer carbon structures fabricated 
on metal surfaces with thermal chemical vapor deposition (CVD) method [49-52].  
 
 
Figure 3.1 process of graphene synthesizes [51] 
 
In those periods, their electronic properties never were investigated due to the 
difficulty in isolating and transferring them onto substrates. But after discovering of 
graphene in 2004 various techniques were developed to produce thin graphene films 
and few graphene layers. Due to its promising application, graphene synthesis has 
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encouraged various techniques developing. The most frequently used methods are 
exfoliation [53], chemical exfoliation [54, 55], and thermal chemical vapor deposition 
(CVD) [56].  
3.2.1 Exfoliation of graphene 
The first recognized method of graphene synthesis is mechanical exfoliation, 
which is a top-down technique in nanotechnology. The longitudinal separation of 
graphite can be created by the weaker van der Waals force between layers and much 
stronger chemical band force among atoms within same layer. A recent study 
demonstrates transfer printing of macroscopic graphene patterns from patterned HOPG 
using gold films [57]. It is by far the financially reasonable method to produce high-
quality graphene. However, it is difficult to obtain high quality pure large-scale 
graphene with mechanical exfoliation method, not even taking into account the required 
layers of sustainable flakes. Figure 3.2 illustrates an application of graphene formed by 
mechanical exfoliation methods.  
 
Figure 3.2 Graphene films. a Photograph (white light) of a large area multilayer graphene with 
𝑑 = 3𝑛𝑚 on top of SiO2 wafer. b Atomic force microscope (AFM) image of the sample Size: 2mm
×2mm, SiO2 surface: dark brown; orange (3 nm height above the SiO2 surface). c AFM image of 
single-layer graphene. SiO2 substrate surface (dark brown); brown–red (0.8 nm height above the 
SiO2 surface); yellow-brown (1.2 nm higher); orange (2.5 nm higher). d Scanning electron 
microscope image for several-layer graphene. e Schematic view of the device design in (D) with 
permission of [58] 
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3.2.2  Chemical vapor deposition of graphene 
samples 
Thermal chemical vapor deposition (CVD) is a chemical process by which a 
substrate exposed to thermally decomposed precursors and the desired product 
deposited onto the substrate surface at high temperature. Because the high temperature 
is nor desired in many cases, plasma-assisted decomposition and reaction may lower 
the process temperature. There are numerous advantages to the thermal CVD process. 
The process yields high quality and final purity products in large scale. Moreover, by 
controlling the CVD process parameters, control over the morphology, crystallinity, 
shape, and size of the desired outcome is possible. On the other hand, by applying a 
wide range of solid, liquid and gaseous precursor materials, a large variety of 
nanomaterial and thin films are executable with this process.  
Deposition of mono-layer graphite material on Pt by thermal CVD first reported 
in 1975 by Lang et al [59]. They found that the decomposition of ethylene onto 
platinum results in the formation of a graphite over layer and surface rearrangements 
of the substrate. Later, Eizenberg and Blakely [60] reported graphite layer formation on 
Ni (111). The process involved the doping of single-crystal Ni (111) with carbon at an 
elevated temperature of 1200K-1300K for a significant period (~1 week), followed by 
quenching. The carbon phase condensation on Ni (111) was found with detailed 
thermodynamic analysis and the carbon phase segregation on Ni (111) is solely 
dependent upon the rate of quenching. 
In 2006, the first attempt at graphene synthesis on Ni foil using CVD was made 
using camphor material [61]. In this reference, graphene synthesis was carried out in a 
two-step process, camphor deposition on TEM, they found that the planar few-layer 
graphene consists of ~35 layers of stacked single graphene sheets with an interlayer 
distance of 0.34nm. The study presents a new path toward large-scale graphene growth 
using thermal CVD. Nevertheless, widespread monolayer or bilayer graphene growth 
with thermal CVD was still in demand until Obraztsov et al [62] reported the deposition 
of thin-layer graphite on Ni. Figure 3.3 shows the thickness of final graphene on Ni was 
~1-2nm covered with surface ridges, which explained thermal expansion coefficient 
mismatch between graphene and the Ni substrate. Also, from the Figure 3.3, we can see 
the well-ordered few-layer graphene was found on the Ni surface (in Figure 3.3 b and 
c), but not existed on Si substrate (in a) except amorphous carbon. 
 
 
Figure 3.3 scanning electron micrograph of graphene synthesis on Si (a) and Ni (111) (b, c) 
by DC discharge method. [60] 
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A breakthrough occurred in the field of large-scale graphene synthesis process 
when Cu foil (15cm×5cm) was rolled up and place in quartz tube furnace to grow 
graphene and then transfer the graphene flake onto polymer materials substrate using 
the hot press lamination method. The Choi group [63] reported a large-area graphene 
growth as massive as a 15cm× 5cm rectangular Cu foil using the thermal CVD 
technique. Graphene deposited at 1000℃ with a mixture of H2: CH4 (1:4) at ambient 
atmospheric pressure, and then graphene was transferred using a hot press lamination 
process (shown in Figure 3.4), which was proficient as well as industrially scalable. 
Their work demonstrated large area graphene on flexible film can be used as a current 
collector in a flexible transparent field emission device. 
 
Figure 3.4 The hot pressure lamination process for graphene-PET film fabrication [63] 
 
The graphene/SiO2/Si samples we used in reflection experiments were grown on 
thin commercial copper foils at 1000℃ in a CVD system using a similar procedure in 
reference [64]. The Cu foil was heated in a mixture of H2: CH4 (1:5) to initiate the 
graphene growth under around 500mTorr ambient pressure. Graphene precipitation on 
dielectric surfaces occurred due to the surface catalyzed process of Cu and the copper 
films de-wetted and evaporated from the surface, which leads to direct graphene 
deposition on SiO2/Si substrate (Figure 3.5 shows the samples photograph). The 
samples were fabricated by external company. 
 
Figure 3.5 Photograph of Graphene/SiO2/Si samples in experiments with single-layer 
graphene on top of SiO2 with 300nm thickness and Si (525μm) and back side etched the size of 
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sample is 8mm×8mm 
3.2.3  Preparation of gated graphene 
The graphene gating structures involves two types: top-gating and back-gating, 
and both structures can work as the generally electronic and photonic devices. 
According to the experimental results [64-69], the top-gate materials applied more as 
graphene based field effect transistors, the back-gate samples more used as optical 
sensors. Synthesizes of two types are similar, and the most frequent method is CVD. 
Now the graphene based optoelectronic devices have already been able to tune the local 
carrier concentrations and conductance. And it has already fulfilled on supported 
samples both with the bottom and top gates [64-67]. 
The fabrication of back-gating graphene includes three steps. First, obtain 
graphene flakes through exfoliation or CVD methods; then the graphene layers has been 
transferred onto the dielectric material (substrate) and characterized under scanning 
techniques (such as atomic force microscopy or Raman spectroscopy). After 
characterization, add the back-gate on the other surface of the substrate, the back gate 
materials are usually metals (Ti and Ni). 
In this study, we use top-gate graphene samples in our experiments. We 
implemented graphene-based field effect transistors (GFET) to explore the optical 
properties changing when they work as a nano-scale GFET device. Regarding to the 
isolated graphene, the fabrication of local top gates are still challenging due to the 
uncertainty of ions doping during the procedure, which has been reported in the 
community [68-70].  
Figure 3.6 describes the structure design of local gates (GFET). To do so, we chose 
a dry transfer technique [71]. At beginning, graphene was grown on Cu foil with 
thermal CVD method, and transferred onto a separate wafer of SiO2/Si with a stack of 
PMMA of 5nm/300 nm. And then grown the source and drain terminals at the holes 
without PMMA, and no specific resists stack need for this step. Afterward, a thin Al2O3 
film with the gain structure on the top surface, has been place on the top of source and 
drain surface. At last, placed the wafer piece at the surface of DI-water, and the PMMA 
layer slowly dissolved [71]. Then the glass slide is transferred to a modified Al2O3 mask 
aligner to realize the alignment between the graphene flake and the top-gating. 
 
 
Figure 3.6 (a) The schematic of top-gate graphene after gate structure. (b) The sample after 
a b 
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fabrication 
 
Figure 3.6b depicts the design of the graphene-based local field effect transistor, 
the entire top gating chip structure is source and gate terminal formed voltage bias and 
drain end connects to ground. The photocurrent between source and drain will be 
generated when a beam propagates on the graphene FETs. Figure 3.7a) illustrates the full 
device structure and the connection between small FET biases, there is 6×6 micro 
junction on the whole chip. The microstructure of single FET bias shown in Figure 3.7 
(b), the left end of the intersection is source terminal and the fork formed structure at 
the right end is gate terminal. The full size of the top gating chip is 50μm×50μm. 
And the fabrication of the chip is done in the QNC ultraclean lab. 
  
  
 
Figure 3.7 GFET design structure (a) full gating chip schematic the two left terminals are 
Source and Drain the right terminal is top-gating. (b) Microstructure of single GFET 
 
We can see (Figure 3.7 a) the entire GFET chip composed by a 6×6 array of micro 
graphene-based field effect transistors (each size of 2μm). This structure can enlarge 
the efficient contact between graphene atoms and source and drain parts, which 
provides the GFET more sensitive to the incident beam. The specific microstructure of 
a 
b 
 
D 
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GFET is shown in Figure 3.7 b. The gate side shaping as a fork, this unique structure is 
similar to the resonator, which can enhance the signals it received.  
 
3.3 Conclusion 
In this section, we introduced two most frequently used methods for graphene 
fabrication, exfoliation and thermal CVD, and commented both ways, and derived 
thermal CVD is the more applicable technique to produce large-scale and pure desired 
graphene layers. Then we gave the fabrication process of our experimental samples. 
The samples for reflection tests were grown on copper foil and then transferred onto 
the Si/SiO2 substrate with CVD technique. The gated sample was fabricated on the top 
of the former graphene/Si/SiO2, the first source and drain sides grown and then the gate 
with CVD procedure. 
In our experiments, we use optical reflection and transmission method to obtain 
the optical constants value. In next chapter we will discuss the tests and results in detail, 
which is the experimental part. 
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4 Graphene refractive index 
experiments  
In this chapter, we focus on reflection measurements of different graphene samples 
response to infrared lasers to obtain RI of graphene. There are three parts in this chapter; 
the first subsection depicts the reflection system design. The second part is the 
reflection tests of graphene samples, begins with the setup built, Gaussian beam 
characterizations, and the results discussions. The last section illustrates gated graphene 
samples reflection probe and complex refractive index tunability discussion. 
4.1  Optical reflection setup design 
To determine the complex refractive index of graphene generally through measure 
the optical reflection and transmission of graphene samples. And there are following 
methods to do the test, such as surface plasmon resonance (SPR) angle detection 
[72][73], Spectroscopic ellipsometry [74][75], and reflection spectroscopy [76]. 
Because of complex RI has two unknown variables, any single set of measurements can 
only provide one constraint. Therefore, the optical methods for testing the linear 
response of graphene samples in this thesis are reflection spectroscopy and tunability 
of optical reflection via external voltage. This section will introduce the reflection setup 
design in our work. 
 
 
Figure 4.1 Sketch of optical spectroscopy setup. From the sketch, the laser beam comes from 
the fiber laser diode, through a collimator and a mirror to adjust direction of the incident; and 
passes a 50:50 beam splitter and focus on the sample. Reflection beam begins from sample and 
through the focal system, beam splitter, and a flip mirror and detected by the beam profiler, and 
when the beam spot size at the waist, turn the flip mirror off to make the beam collected by the 
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power detector. 
 
The setup of optical reflection test (Figure 4.1) applied to making graphene 
samples to illuminate strong intensity of incidents, which from pigtail diode laser 
(wavelength is 1550nm). Then the beam is reflected twice by a metallic mirror and a 
50:50 cubic beam splitter, which used to adjust the beam propagate direction and 
guarantee the incident is perpendicular to the sample surface. After the angle correct, 
the light passed through a designed focal system (section 4.1.1) and focus on graphene 
sample (shown in Figure 4.1). 
The reflection beam was generated on the sample, and the path overlapped with 
the incident during the focal system, and then passed through the beam splitter. 
Afterward, the reflective light detected by a beam profiler, which checks the beam shape. 
At last, the reflected signal was collected into the detector of power meter. 
4.1.1 Focal lenses system design 
In the whole setup, from former chapter the size of samples is relatively minimum, 
usually 50𝜇𝑚  to 100𝜇𝑚 , which requires the focal system is a significant precise, to 
obtain the smallest focus spot on the sample. We designed an infrared focal system with 
three focal lenses.  
 
a 
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Figure 4.2 The review of the focal system. a) Depicts the whole sketch of the lenses and the 
distances between different lenses. b) The light intensity and focus capability. 
 
From the above figures, the light comes from the left side; the two larger plano-
convex lenses are used to spread the beam and create the collimated beam, if the 
incident light is not perfect collimated, and the third small lens is a gel-tech focal lens 
the focus spot can reach 5𝜇𝑚. An optical designing software “Zemax” was applied to 
design the entire focal system, and the simulation of light propagates the system from 
the left side is depicted in Figure 4.2.  
 
Figure 4.3 The beam spot sizes of the focal system. a) Beam spot at focal point spot radius is 
20𝜇𝑚; b) beam spot at the position to focal point 5 𝜇𝑚, the spot radius is 55 𝜇𝑚. 
 
This focal lenses system is designed for infrared light and provide a perfect small 
focal point on samples, allowing precision alignment with negligible power loss. The 
b 
a b 
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performance of this design operates quite well (shown in Figure 4.3) in our experiments, 
it enables the beam illuminating on the graphene area without transmittance loss. 
4.1.2 Gaussian beam construction 
The incident beams in our experiments are laser beam (Gaussian beam), to dispose 
of data conveniently, we construct the individual Gaussian beam. Starting from a z-axis 
propagating beam with the electric field ?⃑?  and the wave vector ?⃑? = (𝑘𝑥 ,𝑘𝑦 , 𝑘𝑧) 
leaving the x and y directions to describe the transverse part of the beam[77]: 
 
𝜕2 ?⃑? 
𝜕𝑥2
+
𝜕2 ?⃑? 
𝜕𝑦2
+ 2𝑖𝑘
𝜕?⃑? 
𝜕𝑧
= 0                     (4-1) 
 
 
Figure 4.4 is the sketch of parameters of a Gaussian beam. 
 
 
Figure 4.4 Gaussian beam as function of distance z along the beam 
 
Leads to the Gaussian beam equation (showed in Fig 4.4): 
 
E⃑ (x, y, z, t) = A⃑ 
𝜔0
𝜔(𝑧)
𝑒
−
𝑥2+𝑦2
𝜔(𝑧)2 𝑒𝑖(𝑘𝑧−𝜔𝑡)𝑒
𝑖𝑘(𝑥2+𝑦2)
2𝑅(𝑧) 𝑒−𝑖𝜙(𝑧)        (4-2) 
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In this transformation, 𝜔0  is the beam-waist;  
𝜔(𝑧) represents the beam spot width, and its value increases along with the z-axis 
direction; 
R(z) illustrates the beam divergence called the radius of the wavefront curvature, 
which is given by R(z) = z +
𝑧𝑅
2
𝑧
 ;  
𝑧𝑅 is a constant called Raleigh range, determined by beam waist 𝜔0  and incident 
wavelength 𝜆: 𝑧𝑅 =
𝜋𝜔0
𝜆
; 
𝜙(𝑧) is the Gouy phase of the beam at position 𝑧 is given by 𝜙(𝑧) = arctan (
𝑧
𝑧𝑅
). 
Construct the incident laser beam, Gaussian beam with M2 methodology (beam 
quality factor), which is propagation ratio that indicates how close a laser is to be a 
single mode TEM00 condition the M2=1. 
For a laser beam propagation through lens, the equation of the divergence angle θ0 
is given by  
𝜃0 = 𝑀
2 ∙ 4𝜆/𝜋𝐷                    (4-3) 
 
Figure 4.5 depicts the test results for Gaussian beam shaping 
 
 
Figure 4.5 Experiment results of Gaussian beam shape 
 
Measure the Rayleigh range of the Gaussian beam from the experimental results. 
From the beam diameter of Gaussian beam at different distances around the waist, 
can derive the Rayleigh range of incident beam. 
𝑍𝑅 =
𝜋𝜔0
2
𝜆
= 456.03𝜇𝑚                   (4-4) 
Where 𝜔0   and 𝜆 are the beam waist and wavelength of the incident, respectively.  
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Figure 4.6 Incident Gaussian beam shape 
 
Then, the spot size of the full width (FWHM) at half maximum beam is:  
𝜔(𝑧) =
𝐹𝑊𝐻𝑀(𝑧)
√2𝑙𝑛2
= 170𝜇𝑚                  (4-5) 
The curvature of the wave-fronts is: 
 𝑅(𝑧) = 𝑧 [1 + (
𝑍𝑅
𝑧
)
2
] =
𝑧2+𝑍𝑅
2
𝑧
.                (4-6) 
The parameters of the construction of incident Gaussian beam are derived, so can 
obtain the wave function of the Gaussian beam of incident wave in experiments 
(showed in Table 4-1): 
 
Table 4-1 Parameters of Gaussian beam in experiments 
parameters value unit meaning 
𝝎𝟎 
2𝜋
1.55⁄  10
6 Incident frequency 
𝝎(𝒛) 2𝜋 170⁄  10
6 FWHM of beam spot 
R(z) 465 μm 
Radius of wave-front 
curvature 
 
According to the simulation of graphene sample reflection, the incidents of the 
beams are plane waves. But in experiments, the incidents are laser beams (Gaussian 
beams. Therefore, need to expand the Gaussian beam into plane waves. Put Gaussian 
beam as the summation of TE mode and TM modes. One theoretical research derived 
the power changes when the beam incident on graphene material with an angle 𝜃𝑖  [78], 
shown in Figure 4.7. But this influence is minimum in our case (the reflective power 
decreases about 5% in both modes), since the incident is perpendicular to the surface 
of the sample. 
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Figure 4.7 The reflection and transmission ratios versus plane wave incident angle on 
graphene soda-lime. a. TE mode; b. TM mode [78] 
4.2  Optical reflection on graphene samples 
4.2.1  Setup introduction 
The linear optical response of graphene first attracted attention for its significance 
in quantitative identification of different graphene layers through optical reflection on 
oxidized silicon substrates [79]. This demonstration allowed the possibility of private 
single atomic planes of graphite on an insulating substrate and fabrication of electrical 
devices. It was immediately realized that optical contrast of graphene is a key feature 
for its application. The standard thin films optics approach is based on predicting the 
contrast of graphene flakes deposited on various substrates in different spectral range 
like terahertz [80], visible [81], infrared [82]. Most of the researches focus on visible 
range, bare papers on the infrared range. Although the researches are in agreement with 
a universal conductance theory, there remains a disparate set of reported refractive 
index values for graphene (Table 4-2). 
 
Table 4-2 Comparisons between synthesizes of Graphene RI 
Reference Method λ (ng, 
kg) 
sample substrate 
Ni et al. 
(2007)[83]  
Reflection 
spectroscopy, 
White 
light 
(2.0, 
1.2) 
Exfoliatio
n 
1L 
SiO2 
Bruna & 
Borini 
(2009)[76]  
Reflection 
550nm (3.0, 
1.15) 
Exfoliatio
n 
1L~2L 
Si/SiO2 
Matkovic 
et al 
(2012)[84]  
Spectroscopic 
ellipsometry 
500nm (2.7, 
1.45) 
Exfoliatio
n 
1L 
Si/SiO2 
a 
TE 
b 
TM 
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Ye et al 
(2013)[85]  SPR in air 532nm 
(2.6, 
1.6) 
CVD 
1L~2L 
Polydimethylsiloxan
e (1mm) 
Xue et al 
(2013)[86]  
SPR: 
in water 
500nm 
(2.75, 
0.41) 
GO 
1L 
 Plasmon 
resonance 
Klintenber
g 
et al 
(2012)[87]  
Amplitude and 
phase change 
of reflected 
light when a 
focused 
monochromati
c light 
traverses a 
graphene 
boundary. 
550nm (2.96, 
1.49) 
Exfoliatio
n 1L 
SiC 
E. D. Palik 
[88] 
Optical 
Reflection 
515nm 2.675
,  
1.35 
Graphite 
crystal 
 
G. E. 
Jellison et 
al [89] 
Ellipsometry 450nm-
750nm 
2.52,  
1.94 
Graphite 
crystal 
 
R. Ahuja et 
al [90] 
Full band 
theory 
532nm 3.0, 
1.38 
  
X. Wang et 
al [91] 
picometrology 532nm 2.4, 
1.15 
SiO2 
(285nm) 
SiO2 (285nm) 
M. 
Klintenber
g et al 
[100] 
Full band 
theory 
visible 2.79,  
1.48 
1L 
graphene 
 
Current 
work 
Optical 
Reflection  
1550n
m 
2.75, 
1.57 
1L 
graphene 
SiO2 (300nm) 
Si (525μm) 
 
From the table 4-2, we can see that all the experimental results are in visible range, 
but the values do not quite agree with each other.  
In this section, we show a systematical measurement of refractive index by optical 
reflection spectroscopy on monolayer graphene. The whole setup depicted in Figure 4.1 
(sketch) and Figure 4.8 (photograph). 
To determine the linear reflection coefficient of graphene, first, the reflection 
power ratio of monolayer graphene on top of the SiO2/Si substrate was measured; for 
this, the experimental setup is depicted in Figure 4.1. The excitation source is a quantum 
well laser diode, where the beam goes through a beam-splitter and focal lens system, 
focusing on the sample. Then the reflection signal is monitored by a beam profiler and 
collected by the detector. This latter connects to the power meter. 
This test using 1550nm pulse laser as incident and measured the reflection power 
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from mirror and graphene samples respectively. The reflection from the mirror is the 
reference of power ratio. 
 
 
Figure 4.8 Photograph of reflection experiment setup 
 
The components in the setup (Figure 4.8) are: 
Incident source: 1550nm pigtail fibre laser; 
Collimating lens: 1550nm optical fibre-free space collimator; 
Reflector 1 for incident: silver metallic mirror; 
Reflector 2 for incident: 50:50 infrared beam splitter, available wavelength range 
900nm-1600nm; 
Focal system: (from right to left in Figure 4.8) 
1. Plano-convex lens with 1050nm-1600nm coating, size: 1inch, focal length:35mm; 
2. Plano-convex lens with 1150nm-1950nm coating, size: 1inch, focal length: 75mm; 
3. Plano-convex gel-tech lens with 1050nm-1600nm coating, size: 12mm, focal 
length: 4.9mm. 
Reflector 3: Flip metallic mirror; 
Beam waist probe: infrared beam profiler, enable wavelength range 900nm-
1600nm; 
Reflector 4: metallic mirror;  
Power detector: detector of a power meter. 
 
Samples used are differently prepared monolayer graphene on top of SiO2 
thickness 300nm±5nm and Si thickness 525𝜇𝑚 (shown in Figure 4.9). The experiment 
process is collecting the reflections power around the Gaussian beam waist from the 
reference mirror and the samples respectively.  
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Figure 4.9 Objective of graphene sample 
 
4.2.2 Calculation method of graphene refractive 
index 
The optical reflection and transmission of N-layers medium calculation is based 
on Snell’s law, Maxwell equations and their boundary conditions. In our case, it is a 5-
layer medium (air, graphene, SiO2, Si, and air), with different thickness at each layer. 
Due to the energy loss mechanisms [102] in such samples a depth profile occurs for the 
change of the optical constants (ng in our samples). The calculation of reflectance and 
transmittance of the 5-layer medium (Figure 4.9), are as a function of the wavelength 
λ, the multilayer system with thicknesses di, and different optical constants ni. 
Restricting to the usual experimental conditions a perpendicular incidence is taken into 
consideration.  
Because of the linearity of Maxwell equations the reflection and the transmission 
of the light from the front and the back side of a plane-parallel system may be described 
uniquely by transfer matrix equation: 
?̅? = ?̅?4,5 ∗ ⋯∗ ?̅?1,2?̅?0,1 
As the complex reflection and transmission coefficients for the incoming waves 
propagating in ±?̂?  directions at the surface between the (m-1)-th and m-the layer. 
There is a simple relation between the phase 𝜙𝑚  and the thickness 𝑑𝑚 , refractive 
index 𝑛𝑚  for the lossless medium. However, the multilayer medium is lossy in our 
experiments, which means the refractive index 𝑛𝑚  should change to 𝑛𝑚 = 𝑛𝑚
′ − 𝑖𝑘𝑚 . 
Therefore, the transfer matrices convert to [105] 
?̅?𝑚−1,𝑚 = [
𝑒−𝑗𝜙𝑚−1 (1 +
𝑘𝑧
𝑚−1𝑛𝑚
2
𝑘𝑧
𝑘𝑛𝑘−1
2 ) 𝑒
−𝑗𝜙𝑚−1 (1 +
𝑘𝑧
𝑚−1𝑛𝑚
2
𝑘𝑧
𝑘−1𝑛𝑘
2 )
𝑒−𝑗𝜙𝑚−1 (1 +
𝑘𝑧
𝑚−1𝑛𝑘
2
𝑘𝑧
𝑚−1𝑛𝑚−1
2 ) 𝑒
−𝑗𝜙𝑚−1 (1 +
𝑘𝑧
𝑚−1𝑛𝑘
2
𝑘𝑧
𝑚−1𝑛𝑚
2 )
]          (4-7) 
Where phase 𝜙𝑚−1  is defined as 𝜙𝑚 = 𝑘𝑧
(𝑚)
𝑥𝑚 , in which 𝑥𝑚  is the propagating 
position of the incident at the interface of two layers. And the longitudinal wave number 
can be obtained as [103]. 
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𝑘𝑧
(𝑚)
= √𝑛𝑚
2 𝑘0
2 − |𝑘𝑡|
2,  𝐼𝑚{𝑘𝑧
𝑘} < 0               (4-8) 
The reflection coefficient is: 
𝑟 = [
(𝑀21+𝑘𝑙𝑘𝑅𝑀12 )+𝑖(𝑘𝑙𝑀22−𝑘𝑅𝑀11 )
(−𝑀21+𝑘𝑙𝑘𝑅𝑀12 )+𝑖(𝑘𝑙𝑀22+𝑘𝑅𝑀11 )
]                (4-9) 
Derive the reflectivity: 
𝑅 = |𝑟|2                            (4-10) 
 
The measured ratios of the light intensities can be calculated by the absolute square 
of the amplitude ratios taking into account the Poynting vector is proportional to the 
square of the electric field amplitudes and the refractive index 𝑛 = 𝑅𝑒(𝑛𝑘)  in the 
corresponding medium. Therefore, get reflectivity and transitivity 
The calculation of 𝑅  is on the basis of medium thickness dm and refractive index 
nk. In our circumstance, the thickness and refractive index of each layer are the 
experimental samples data (Fig 4.10). The constants of samples are one layer graphene 
placed on SiO2/Si substrate, when the light incident on the sample from the air at room 
temperature (22℃), forming a 5-layer system. The refractive indexes (RI) and thickness 
are 𝑛0 = 𝑛4 = 1 , 𝑛1 = 𝑛𝑔 , 𝑑1 = 𝑑𝑔  (graphene), 𝑛2 = 1.41, 𝑑2 = 300𝑛𝑚  (SiO2), 
and 𝑛3 = 3.46, 𝑑3 = 525𝜇𝑚 (Si), and the range of 𝑛𝑔  extracted from Table 4-2.  
The purpose of the experiments measures the reflectance of graphene multilayer 
structures and then combined the transfer matrix with the theorem of the relation 
between k and n (k&n) to derive the refractive index of graphene. The following section 
is the theorem method of the relation k&n, which is based on the universal absorption 
(𝛼 ≈ 2.3%) and derived a value range of k depended on n. 
1 Using fixed ng’ to calculate kg 
From the research of R. R. Nair [93] et al, that the universal absorption of graphene 
is 𝛼~2.3%  per monolayer, and the optical property of graphene at infrared regime 
agrees with the universal absorption. Starting from the general equation of the definition 
of the absorption coefficient, when a beam propagates through an absorbing medium 
with extinction coefficient 𝑘 and using the equation: 
𝑘 = −
𝜆
4𝜋𝑛𝑑
𝑙𝑛(1 − 𝜋𝛼)                  （4-11） 
Where n is real refractive index and d is the thickness of graphene, 𝜆  is incident 
wavelength. 
Then obtain the optical index of graphene: 𝑛𝑔 = 𝑛𝑔
′ + 𝑖 ∙ 𝑘𝑔  
Choose n range from 2.4 to 3 (reported in table 4.2), applying the relation between 
k&n derive k range. 
4𝜋𝑘
𝜆
= −
1
𝑛𝑑
𝑙𝑛 [
𝐼
𝐼0
1
(1−𝑅)
]                     （1-12） 
𝑘 = −
𝜆
4𝜋𝑛𝑑
ln (
𝐼
𝐼0
)                       （4-13） 
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Where R is the reflectivity, in our case the contrast should be 1 −
𝑅𝑔
𝑅𝑠
  𝑅𝑔  is the 
reflectivity of the sample, and 𝑅𝑠  is the substrate reflectance at wavelength 1550nm. 
Results, choose n from 2.4 to 3.0, the most results from literature at wavelength 500nm-
550nm.  
The calculation results showed in Figure 4.10. We can see that when the value of 
real part of graphene RI (n) in the range of 2.4~3, derived the graphene RI imaginary 
section (k) is between -1.5 and -1.1, it is clear that the reported values basically agree 
with the published results (Table 4-2). Although the differences of the incidents 
wavelengths in each experiment and the unique of different samples lead to the 
differences, the theorem of k&n at visible and infrared regimes is valid to estimate the 
refractive index of graphene.    
 
Figure 4.10 Calculation results of k&n from 𝜋-band transition and universal absorption of 
graphene in infrared region 
 
4.2.3 Experimental results and discussion 
The last part, we introduced the theorem of k&n as a method to estimate the range 
graphene refractive index. In this section, we list the optical reflectance experiments 
results of graphene samples to get the contrast of reflectivity ( 𝐶𝑅 =
𝑅𝑔−𝑅0
𝑅0
). Then 
combined the transfer matrix of lossy medium (equation 4-5, 4-7) and k&n method to 
calculate the complex refractive index of graphene (𝑛𝑔 = 𝑛𝑔
′ + 𝑖𝑘𝑔 ). 
Fig 4.9 depicts the optical reflectance results of graphene samples and substrates 
at the same condition. The mirror reflection from 1550nm is the reference (Figure 
4.11a), and different samples reflections (Figure 4.11b) shows in similar modes. 
Samples are monolayer graphene on top of SiO2 thickness 300nm and Si thickness 
500μm. 
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Figure 4.11 Reflection power of mirror (a) and sample1 (b) at wavelength 1550nm 
 
In the Figure 4.11, plot (a) depicts the reflection power in Mille-Watt of both 
mirror and sample. Pre-set the reference reflection power at the beam waist point at 
1mW, and then test the reflections at different intervals around the beam waist. Then 
collect the reflection data of samples at same conditions and distances. Derived the 
reflection power of mirrors and samples, and can see the reflections from the mirror 
(red line in (a)) and samples (b) behaved similarly, and both are followed the Gaussian 
beam power distribution.  
Because of all experiments did with Gaussian beam shape, but the analysis and 
simulations are based on plane-wave, to derive the more precise data of refractive index 
of graphene especially the imaginary part, it is necessary of doing the beam construction 
and expansion. 
From the data of mirror reflection (reference reflection) and the sample reflection 
(Figure 4.11), can derive the graphene/SiO2/Si reflectivity through: 
 𝑅𝑔 =
𝑃𝑠
𝑃𝑚
≅ 0.2456                     (4-14) 
And the reflection ratio of substrate is 𝑅0 = 0.2579 
 
Put both reflection coefficients of full sample and substrate, into the simulation, 
which used Maxwell Equation and Snell’s Law mentioned in section 2.4: 
𝑛𝑔 = √𝜀𝑟 = √1 +
𝜎
𝑗𝜔𝜀0
                      （4-15） 
Calculation refractive index from results 
Starting from the general equation, coming from the definition of absorption 
coefficient, for the light through an absorbing medium with extinction coefficient 𝜅 , 
real refractive index n, and thickness d [97], 
4𝜋𝑘
𝜆
= −
1
𝑛𝑑
𝑙𝑛 [
𝐼
𝐼0
1
(1−𝑅)
]                         (4-16) 
Where 𝜆  is the incident wavelength, I is the transmitted light intensity, I0  is the 
incident light intensity, and R is the fraction of reflected light, in our case, put 
experimental result (𝑅𝑠 = 0.2456) into the equation 4-16. Then, for a single graphene 
layer the equation can be rewritten as: 
a b 
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𝑘 = −
𝜆
4𝜋𝑛𝑑
ln (
4𝐼
3𝐼0
)                        (4-17) 
From Fresnel’s law, when beam paths through the interface of different material, 
in our case air-graphene-substrate, the definition of reflection constant ( 𝐶𝑅 ) and 
transmission constants (𝐶𝑇) are: 
𝐶𝑅 =
𝐼𝑔−𝐼0
𝐼0
=
𝑅𝑔−𝑅0
𝑅0
                        (4-18) 
Where 𝑅𝑔 , 𝑅0  is reflectance of full sample and substrate respectively; 𝑇𝑔, 𝑇0  is 
transmittance of entire sample and substrate respectively.  
For the air-substrate effective reflection coefficient including a complex phase 
shift : 
𝑟02 = 𝑟01 +
𝑡01 𝑡10𝑟12𝑒
−𝑖2𝜙
1−𝑟10𝑟12𝑒
−2𝑖𝜙                         (4-19) 
Where the complex phase shift through graphene of thickness 𝜙 is  
𝜙 = 2𝜋𝑛𝑔
𝑑
𝜆
                           (4-20) 
Where 𝑛𝑔  is the complex refractive index of the graphene, and  𝜆 = 1550𝑛𝑚  is 
the wavelength of incident beam in our experiments. And the subscript 0 represents air, 
1 represents graphene and 2 represents the substrate. 
In multilayer structures, using reflection and transmission coefficient at 
boundaries between material a and b, express refractive indices 𝑛𝑎 and 𝑛𝑏  as: 
𝑟𝑎𝑏 =
𝑛𝑎−𝑛𝑏
𝑛𝑎+𝑛𝑏
                           (4-21) 
From equation (4-17) we can calculate the reflectivity of air-graphene-substrate, 
equation (4-21) offers the reflection of the air-substrate interface. With them, derive 
the reflection contrast 𝐶𝑅  in (4-18) as a function of the real and imaginary part of the 
graphene refractive index, 𝑛𝑔 = 𝑛𝑔
′ − 𝑖𝜅𝑔 . The reflection ratio can be obtained from 
the results of the experiments, that, 𝑅0 = 25.97% ; the thickness of single layer 
graphene using model one 𝑑𝑔 = 0.4𝑛𝑚 . And the incident wavelength is = 1550𝑛𝑚 , 
the refractive index of substrates are 𝑛(𝑆𝑖𝑂2) = 1.4 , thickness 𝑑(𝑆𝑖𝑂2) = 300𝑛𝑚 , 
and 𝑛(𝑆𝑖) = 3.64 , 𝑑(𝑆𝑖) = 525𝜇𝑚  Obtain the refractive index of monolayer 
graphene is 
 
 𝑛𝑔 = 2.78 − 1.57𝑖                     (4-22) 
 
Compare the graphene RI value of our experiments and the reported ones (Table 
4-2), we can see that the real part of the monolayer graphene is a round 2.6, and the 
imaginary part is from -1.8 to -1.0. And it means our result is reasonable. 
Besides, according to the equations (4-5), (4-17) and (4-18), we could calculate 
𝑛𝑔  through the reflectance contrast 𝐶𝑅  (equation (4-18)), and the transmission 
contrast (equation (4-24)), if we measured the optical transmission of the samples and 
substrates. However, because of the absorption of the substrate (SiO2 300nm/Si 525μm) 
to the incident (𝜆 = 1550𝑛𝑚)  and the special disposed on the backside of the 
graphene sample, we barely detected the transmission light in our experiments. But in 
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the followed section, we compensate this with assumptions of absorption of the whole 
structure and derived another value range of graphene RI. 
4.2.3.1 Using approximation of transmission to obtain 𝒏𝒈
′  and 𝒌𝒈 
This method is deriving the monolayer graphene RI value through optical 
reflection and transmission ratios. According to the optical rates of lossy medium 
(equation 4-24), when a light propagates through a medium, the light power will split 
into three parts, reflection, absorption and transmission. And the transfer matrices 
illustrate the electric, magnetic fields changing through the reflection coefficient 
(equation 4-7) and transmission coefficient (equation 4-29). 
𝑅 +𝐴 + 𝑇 = 1                          (4-23) 
 
In this method, through pre-setting the ratio of absorption (A) of whole graphene 
multilayer structures and the results in the experiment (R), derive the range of 
transmission (T). Then calculate the complex value of graphene RI with the reflection 
contrast (𝐶𝑅 ) and the transmission contrast (𝐶𝑇), with the similar process of method 1 
getting the number of 𝑛𝑔
′  and 𝑘𝑔 . Only this method does not need the relation 
assumption of k&n. With absorption range: 2%<A<8%, and experimental results of 
reflectance Rg=24.57%, estimate the range of transmittance T. then calculate complex 
ng from R and T. 
   𝐶𝑇 =
𝑇𝑔−𝑇0
𝑇0
                       (4-24) 
Where 𝑇𝑔, 𝑇0 is transmittance of full sample and substrate respectively. 
For the air-substrate effective reflection coefficient including a complex phase 
shift: 
𝑡20 =
𝑡21𝑡10𝑒
−𝑖𝜙
1−𝑟12𝑟10𝑒
−2𝑖𝜙                       (4-25) 
Where the complex phase shift through graphene thickness d is  
𝜙 = 2𝜋𝑛𝑔
𝑑
𝜆
                          (4-26) 
Where 𝑛𝑔  is the complex refractive index of the graphene, and  𝜆 is the wavelength of 
the incident beam. And the subscript 0 represents air, 1 represents graphene and 2 
represents substrate. 
In multilayer structures, using reflection and transmission coefficient at 
boundaries between material a and b, express refractive indices 𝑛𝑎  and 𝑛𝑏  as: 
𝑟𝑎𝑏 =
𝑛𝑎−𝑛𝑏
𝑛𝑎+𝑛𝑏
,    𝑡𝑎𝑏 =
2𝑛𝑎
𝑛𝑎 +𝑛𝑏
                    (4-27) 
From equation (4-25) we can calculate the reflection of air-graphene-substrate, 
equation (4-29) offers the reflection of the air-substrate interface. With them, derive the 
reflection contrast in (4-18), as a function of the real and imaginary part of the graphene 
refractive index, 𝑛𝑔 = 𝑛𝑔
′ − 𝑖𝑘𝑔 . 
 36 
 
Full sample back side etched, therefore it is difficult to test the transmission of the 
sample. The absorbance assumption is from several research results [84]. Through the 
assumptions and calculations derived the region of graphene refractive index response 
to 1550nm. The Figure 4.12 shows the calculation results when assuming the sample 
absorptions from 2% to 8%. The assumption is from the researches of monolayer 
graphene absorbs around 2% of the infrared light range, and absorptions of SiO2 varies 
from 1% to 6% due to different thickness and the doping levels [82]. Through the 
estimate region of absorption get the region of transmission and obtain the limits of the 
refractive index of graphene. 
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Figure 4.12 The calculation results of k and n at different absorption assumptions from 2% to 
8%, through transfer matrix. 
4.2.4  Discuss and Conclusion 
We performed optical reflectance on CVD mono-layer graphene samples under 
wavelength 1550nm laser. The optical index of the few-layer graphene flakes was 
determined based on their contrast to the bare SiO2/Si substrate by using Fresnel theory 
of reflection and transmission to the air/graphene/SiO2/Si multilayer. 
The summary of the two methods is below in Figure 4.13. From the graph, the 
methods of the universal absorption relation of k verses n (black square line), and the 
assumption of sample absorptions (green triangle line) apply the value regions of 
graphene refractive index. The red spot in between is the calculation result of the 
refractive index of graphene derived from reflection spectroscopy of graphene/SiO2/Si 
sample under incident 1550nm, obtained the RI value is 𝑛𝑔 = 2.75 − 1.56𝑖 . The 
spectral results are between the two assumptions regions, which means the reflection 
results are reasonable. The reflection and transmission calculation based on the 
assumption of absorption of the medium, for specific graphene samples, the values of 
refractive index are not entirely precise. But still, the curve gives an acceptable RI range 
of single-layer graphene. The method of k&n derived from the universal absorption of 
monolayer graphene, which provides a simple way to describe the optical behavior of 
graphene (equation 4-14).  
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Figure 4.13 The region of complex refractive index of graphene and the calculation results 
matching. The red spot in the 2nd method is the experimental results from graphene sample 
reflection spectra without external electric field. 
 
Table 4-3 illustrates the comparison between the calculation results and a 
theoretical research by L. Yang et al [87]. The article presented optical response on bi-
layer graphene, and they calculated the conductance of bi-layer graphene with Green’s 
function theory. We can see from the Figure 4.14, when 𝑛 ≤ 2.8 , bi-layer graphene 
imaginary part is larger mono-layer graphene. Yang et al’ s research was working on 
pure bi-layer graphene, there are inevitable differences between experiments and theory 
(shown in Figure 4.11).  
 
Table 4-3 Theory compares in refractive index range of graphene 
reference Method Material wavelength Figure 4.14 
Current work 
Reflection 
with k&n 
1L graphene 
SiO2 300nm  
Si 525μm 
1550nm Black 
Reflection and 
transmission 
1L graphene 
SiO2 300nm  
Si 525μm 
1550nm Red 
Yang et al 
[87] 
Full band 
theory 
2L graphene 
550nm Blue  
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Figure 4.14 Graphene RI calculation methods in our work compared with a reported one 
(Yang et al) [87].  
 
We present a further comparison (Figure 4.15) of our experimental results and 
various of optical constants for graphene and graphite in the literature. All optical 
constants are compared here in the form of optical refractive index per graphene layer. 
The experimentally constrained RI of graphene in literature was found numerically 
calculating via Fresnel theory with the optical reflection contrast measured at visible 
range. Wherever, there is a lack of similar measurement in the infrared range, and our 
experiments fill the gap of graphene optical reflection and transmission.  
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Figure 4.15 Comparison of various optical values for graphene with a different method at the 
divers laser wavelength. Star symbols values obtained from literatures.  
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We see in Figure 4.15, in the comparison of our experimental refractive index and 
reported values of optical constants. The full band calculations of Ahuja et al [90] and 
Klitenberg et al [100] overestimate the real part of RI. Similarly, the experimentally 
reported value or RI for graphite by Jellison et al [89] predicts a larger substantially 
imaginary region, which means more optical absorption per graphene layer than the 
universal absorption results [91]. Besides, the difference between reflection results can 
be influenced by the material and thickness of the substrates, and again lead to the 
various of graphene RI. With a potential application of graphene being highly 
transparent and highly conductive electrodes, the optical reflection and transmission 
properties of graphene merit detailed attention. The relative insensitivity of optical 
reflection and transmission to the imaginary optical constants in thin graphene film is 
an advantage for both modeling and optical application. 
4.3 Gated graphene refractive index tunability 
4.3.1 Introduction 
High conductivity [93] and low optical absorption [80-82] make graphene an 
attractive material for use as a flexible transparent conductive electrode. This 
atomically carbon layer thickness provides the significant sensitivity of material 
conductance that its work function can be adjusted by the electric field effect (EFE). 
Since their respective work functions determine the band alignment of two different 
materials, control over the graphene work function is the key to reducing the contact 
barriers of graphene top electrode devices [105]. Previous scanning probe based studies 
[96] reveal that the work function of graphene is in a similar range to that of graphite, 
~4.6 eV [97], and depends sensitively on the number of layers [98]. However, the active 
controlling of the graphene work function has yet to be demonstrated.  
In the former section, we .measured optical refractive index of monolayer 
graphene on SiO2/Si. As a semi-conductive material [102], the changes of the electrical 
property has effects on optical properties (shown in equations (4-9), (4-10)). Owing to 
the low density of states, the chemical potential in graphene can be modulated by 
external gate voltage to populate electrons to the conduction band or remove electrons 
from valence band. Therefore, the tunability of chemical potential determines the 
electrically operating optical transition on graphene-based devices. This unique 
property enables graphene applied in high-frequency field effect transistors (FETs) 
[108]. The optical application of graphene is also excellent, such as gas sensors [104], 
optical resonators [105] and modulators [106].  
In this section, we test the reflection contrast response to the external gated voltage 
changing to evaluate the relationship between graphene refractive index and chemical 
potential.  
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4.3.2  Electronic model of graphene 
 In graphene, the energy-momentum relationship is linear at the Dirac points (see 
Figure 2.3) over a wide range of energies. Thus electrons in graphene behave like 
massless relativistic particles with an independent energy velocity. The two cone band 
structure of graphene together with the extreme thinness leads to a variety of material’s 
carrier concentration with static electric gating [109]. This effect enables to develop 
ultrathin carbon nanoelectronic devices. Furthermore, it has been shown that 
conductance of graphene has a minimum, non-zero value associated with the 
conductance quantum, even when charge carrier concentrations vanish [110].  
Monolayer graphene for the optical experiment can modele as a conductivity sheet 
(shown in Figure 4.17) (0.4nm-2nm), when a beam with frequency 𝜔𝑝  incident on it, 
will generate a surface current 𝐽𝑘  which will be the electric field source, given: 
𝐽𝑘 = 𝜎𝑖𝑛𝑡𝑟𝑎
(1) (𝑘, 𝜔𝑝) ∙ 𝐸                     (4-28) 
Where 𝜎𝑖𝑛𝑡𝑟𝑎
(1) (𝑘, 𝜔𝑝) is the intraband conductivity in k-space; 𝑘  is the wave number 
of the incident electric field; E is the incident electric field E = ?̃?𝑝exp (𝑖𝜔𝑝𝑡).  
Derive the intraband conductivity in linear part from Kubo formula [109]:   
𝜎𝑖𝑛𝑡𝑟𝑎 (𝜔𝑝) =
𝑒2
ℏ
𝑔𝑠𝑔𝑣
4𝜋
𝑘𝐵𝑇
ℏ(𝑖𝜔𝑝+Γ)
× [
𝜇𝑐
𝑘𝐵𝑇
+ 2𝑙𝑛(1 + 𝑒−𝜇𝑐 𝑘𝐵𝑇⁄ )]    (4-29) 
 
is the master equation of the optical response of single-layer graphene. In equation (4-
29), 𝑔𝑠 , 𝑔𝜐  are spin and valley degeneracy factors respectively, here the values are 
𝑔𝑠  𝑔𝜐 = 4; e is the electron elementary charge, 𝑘𝐵  is the Boltzmann Constant, T is 
Kelvin temperature, Γ  is Landau level index dependent scattering rate [109], which is 
a constant here, ℏΓ = 0.1eV; ℏ =
ℎ
2𝜋
 is Plank Constant; 𝜇𝑐  is the chemical potential 
of graphene. Then simplify the intraband conductivity to be: 
𝜎𝑖𝑛𝑡𝑟𝑎 (𝜔𝑝) =
𝑒2𝑘𝐵𝑇
𝜋ℏ2 (𝑖𝜔𝑝+Γ)
(
𝜇𝑐
𝑘𝐵𝑇
+ 2𝑙𝑛 (𝑒
−
𝜇𝑐
𝑘𝐵𝑇 + 1))           (4-30) 
 
 From the linear process of single photon active [112]. The first order of the 
equation can be derived from K-space to ω-space.  
𝜎𝑖𝑛𝑡𝑒𝑟̿̿ ̿̿ ̿̿ ̿(𝑘, 𝜔𝑝) =
𝑒2
ℏ
𝜐𝐹
√𝑘2+(𝛿𝑘)2
(𝛾2+𝑖𝜔𝑝)𝑤𝑘
𝑒𝑞
𝜔𝑝
2−2𝑖𝛾2𝜔𝑝−Ω𝑘
2 [𝑓(𝜀)− 𝑓(−𝜀)]     (4-31) 
Where 𝑘  is the incident wave number, 𝜐𝐹  is the Fermi velocity, 𝛾2  represents the 
frequency dependent impurity scattering rate [109], where its value is ℏ𝛾2 ≅
0.01𝑒𝑉~0.1𝑒𝑉, 𝑓(𝜀)  is the Fermi level of the graphene band structure. Assume the 
energy of incoming photons is normalized to the Fermi energy. 
The simulation results of the linear conductance are shown in Figure 4.17. It is 
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observed that the optical absorption of monolayer graphene is universal and 
independent to the incident frequency when the photon energy ℏ𝜔𝑝 > 2𝐸𝑓 .  
 
When a plane wave is an incident on a monolayer graphene, the graphene behaves 
like a sheet of metal. 
σμε
με
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Figure 4.16 Graphene characterized by conductance 𝜎 at the interface in the air. 
 
 
 
Figure 4.17 Linear optical conductivity of graphene for a normally incident plane wave. The 
parameter 𝜎0 = 𝑒
2 (4ℏ)⁄  is the universal optical conductivity. ℏ𝜔𝑝/𝐸𝑓 
 
The theoretical model of graphene is an infinitesimally-thin due to its atomic 
thickness, local two-sided surface characterized by a surface conductivity 𝜎 , and the 
complex conductivity can be expressed from Kubo formula [112], 
𝜎(𝜔,𝜇𝑐 , Γ,𝑇) =
𝑗𝑒2 (𝜔−𝑗2Γ)
𝜋ℏ2
[
1
(𝜔−𝑗2Γ)2
∫ 𝜀 (
𝜕𝑓𝑑(𝜀)
𝜕𝜀
−
𝜕𝑓𝑑 (−𝜀)
𝜕𝜀
)𝑑𝜀 −
∞
0
  ∫
𝑓𝑑 (−𝜀)−𝑓𝑑 (𝜀)
(𝜔−𝑗2Γ)2−4(𝜀 ℏ⁄ )2
𝑑𝜀
∞
0
]                                            (4-32) 
Where 𝜔  is radian frequency, 𝜇𝑐  is chemical potential determined by charge 
accumulation on graphene, Γ  is a phenomenological scattering ratio that is ℏΓ =
5𝑚𝑉 independent of energy 𝜀  [106], and T is temperature; 𝑒  is the electron charge, 
ℏ  is the reduced Plank’s constant, 𝑓𝑑(𝜀) = (𝑒
(𝜀−𝜇𝑐) 𝑘𝐵𝑇⁄ + 1)
−1
 is the Fermi-Dirac 
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distribution. 𝑘𝐵  is the Boltzmann’s constant. The first term in equation (4-32) 
represents intraband contribution, and the second term is due to interband contribution. 
For an isolated single-layer graphene sheet, the electrical chemical potential  𝜇𝑐  
is determined by carrier density ns [107]: 
𝑛𝑠 =
2
𝜋ℏ2𝜈𝐹
2 ∫ 𝜀(𝑓𝑑(𝜀) − 𝑓𝑑(𝜀 + 2𝜇𝑐))𝑑𝜀
∞
0
                (4-33) 
Where 𝜈𝐹  is the Fermi velocity. The carrier density can be controlled by the applied 
gate voltage and/or chemical doping. In our experiments, we applying a voltage V to 
the graphene layer and the sheet carrier density 𝑛𝑠  is approximated as an ideal parallel-
plate capacitor: 
𝑛𝑠 =
𝐶𝑆𝑖𝑂2
|𝑉𝐺−𝑉𝐷 |
𝑒
                       (4-34) 
Where 𝐶𝑆𝑖𝑂2  is the gate capacitance per unit area of the gated graphene sample, and 
𝑉𝐷  is the threshold voltage, which is Dirac voltage in our experiments. Therefore, the 
chemical potential 𝜇𝑐  can be written as [108]: 
𝜇𝑐 = ℏ𝜈𝐹√𝜋(𝑛𝑠) = ℏ𝜈𝐹√𝜋(
𝐶𝑆𝑖𝑂2
|𝑉𝐺−𝑉𝐷|
𝑒
)           (4-35) 
The value of chemical potential 𝜇𝑐  can be varied by an applied external gate 
voltage VG through the silicon dioxide capacitance between the graphene and silicon 
substrate: 
𝜇𝑐 = ℏ𝜈𝐹√
𝜋𝜀𝑜𝑥
𝑒𝑑𝑜𝑥
(𝑉 − 𝑉𝐷 )                       (4-36) 
Where 𝜀𝑜𝑥  and 𝑑𝑜𝑥  are the dielectric constant and the thickness of SiO2 layer 
respectively, 𝑉𝐷  is the Dirac Voltage determined by the unintentional doping of 
graphene from the substrate and surrounding environment. 𝜈𝐹 ≈ 0.8 × 10
6𝑚/𝑠  is the 
Fermi velocity (see section 2.2), which is dependent to the substrate. 
4.3.3 Experiment and results discussions 
4.3.3.1 Experiments and Results 
The experiment did at room temperature. Figure 4.18 shows the sketch of setup. A 
femtosecond pulse laser at 1064nm wavelength was used in the experiment with 
spectral linewidth of approximately 40MHz. The laser output was collimated into the 
system and focused on the sample through the self-designed focal system (see section 
4.1.1), and the focused spot diameter on the sample was around 5𝜇𝑚. The reflected 
beam passing through beam a splitter and detected by a photodetector. A microscope 
was inserted to observe the position of the beam spot on graphene sample. A lock-in 
amplifier was used to improve the signal-to-noise ratio. Optical signal modulation for 
synchronizing the lock-in amplifier could be applied either through a mechanical 
chopper or a modulation on the gate voltage of the sample. A computer was used to 
control the motion of translation stage, to adjust gate voltage and to acquire data from 
power-meter and a lock-in amplifier, Figure 4.19 depicts the real setup. 
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Figure 4.18 Sketch of gated graphene reflection spectroscopy 
 
We measured the optical power reflectance R varies with the linear changed 
external gate voltage on graphene sample, the position of the laser beam fixed on the 
same spot on graphene sample. As this variation was expected to be less than 1%, the 
system had to be stable enough, and the impact from laser power variation and 
interference caused by reflections from various optical components in the system had 
to minimize. Thus, in this measurement, the frequency mechanical chopper controlled 
by the amplifier to synchronize the lock-in amplifier. An adjustable DC gate voltage 
was added to the small-signal modulating waveform through a bias-tee as illustrated in 
Figure 4.22. This is equivalent to a small-signal modulation on chemical potential of 
the graphene, and therefore the lock-in amplifier actually measures the differential 
reflectivity 𝛿𝑅(𝑉) 𝛿𝑉⁄ .  
 
  
Figure 4.19 Tunability of gated graphene refractive index setup 
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Figure 4.20 shows the differential reflectivity measured on the graphene when the 
DC bias voltage was linearly ramped up and down between -27V and 23V, and the rate 
of this voltage scan was approximately 1V/s. We observed the reflection varies 
dependent on gate voltage changing was not directly perceived. The tunability of 
graphene complex reflectivity is not a linear function of the applied gate voltage. The 
experimental results also dependents on the optical interference of the multi-layered 
structure of SiO2/Si and the thickness of each layer.  
 
The light path of the tunability test is similar to the reflection one, the only two 
differences are: 
ⅰ. Adding a mechanical chopper to provide a incident frequency reference to in-lock 
amplifier;  
ⅱ. No beam profiler;  
The small bias voltage between source and drain terminals is 0.2V, provide by in-lock 
amplifier; 
The gate voltage comes from a DC supply.  
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Figure 4.20 Differential reflectivity change with continues decreasing (a) and increasing (b) 
gate voltage on top-gated graphene/SiO2/Si 
 
4.3.3.2 Discussions  
Another observation of Figure 4.21 is that 𝛿𝑅(𝑉) 𝛿𝑉⁄  depends on the direction 
of voltage scan, and this hysteresis is attributed to the charge trapping and storage in 
graphene. The gate dependence of these optical transitions provides an extra dimension 
of information. For a given photon energy, the absolute value of gate voltage 
𝛿𝑅(𝑉) 𝛿𝑉⁄  has a maximum at a particular gate voltage, as can be seen from a vertical 
cut of the plot. 
 
a b 
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Figure 4.21 a. Source-Drain current varies with gate voltage change curves taken on a typical 
graphene structure in the air (red line) and in the vacuum (green line). b. Interband transition in 
monolayer graphene. EF shifts upon gating. 
 
We observed that when graphene sample was exposed to the open air, VD might 
increase dramatically [113, 114]. Figure 4.21 shows characteristic curves of source-
drain current, ISD, as the function of the gate voltage measured in a FET device made of 
the same batch of graphene on the SiO2(300 nm)/Si wafer. Although the VD value 
corresponding to the minimum of ISD was approximately zero when the sample placed 
in the vacuum [114], VD moved beyond the measurable voltage window after the sample 
was exposed to the air. The maximum applicable gate voltage was primarily limited by 
the effective dielectric strength of silicon oxide of -0.5V/nm [115], corresponding to 
about ±40𝑉 in this case. A consistent result obtained on more than ten similar FETs. 
Because our optical characterization performed in the open air under ambient 
conditions, the Dirac point was expected to be in exceeding 45V [120].  
The spectra of graphene monolayers allow us to determine the electronic band 
dispersion. We consider the interband transitions illustrated in the Figure 4.22 b. The 
applied gate voltage changes the charge-carrier density in graphene, 𝑁 = 𝛿 ∙ 𝑉 , and 
accordingly shifts EF, where 𝐸𝐹 = 𝑠𝑔𝑛(𝑁)ℏ𝜈𝐹√𝜋|𝑁| . Here, positive or negative N 
represents electron or hole respectively. 𝜈𝐹  is the Fermi velocity, 𝛿 ≈ 7 ×
1010𝑐𝑚−2𝑉−1  (estimated from a simple capacitor model [116]). The shift 𝐸𝐹  affects 
IR spectrum through the Drude response of the altered electron density and through the 
change of band filling (such as a downshift of 𝐸𝐹  eliminates transitions originating 
from initially occupied states right above the downshifted 𝐸𝐹). 
The band-filling effect dominates at photon energy corresponding to transitions 
that originate from states near the Fermi surface, that is 2|𝐸𝐹| = ℏ𝜔 . Based on the 
discussion presented by F. Wang et al [115]. The maximum reflectivity tendency 
∂(dR/R)/∂V signal is defined by ℏ𝜔 = 2ℏ𝜈𝐹√𝛿𝜋|𝑉|, and the slope of (ℏ𝜔)
2
 versus 
V yields directly the dispersion velocity of the Dirac band, 𝜈𝐹 ≈ 0.8 × 10
6𝑚/𝑠 (Figure 
2.3). Our value is comparable to that obtained by transport [99] and by photoemission 
[117-119], and the small difference could be due to the uncertainty in our determination 
of gate-coupling efficiency. To describe the gate-dependent spectra quantitatively, 
a 
b 
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calculating the complex linear conductivity and optical transition from Kubo theorem 
with graphene band structure tight-binding model [104, 105] at different Fermi levels 
(EF). In this model, the velocity of Dirac band 𝜈𝐹  is the only parameter needed to 
describe the band structure and optical transfer matrix elements, and V determines the 
Fermi energy level. 
To probe optical transitions of graphene monolayers, we measured the normalized 
change of IR reflectivity 𝛿𝑅 𝑅⁄  from the sample concerning the bare substrate, 
achieved by scanning the reflection ratio changings between the full sample structure 
and the bare substrate film. Note that the 𝛿𝑅 𝑅⁄  is related to the complex optical 
conductivity 𝜎(𝜔) of graphene through the relation: 
−
𝛿𝑅
𝑅
=
1
𝑐
𝑅𝑒[𝜂 ∙ 𝜎]                    (4-37) 
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Figure 4.22 The trace of maximum modulation plotted as squared photon energy versus gated 
voltage. The function shows linearly with gate voltage, the phenomenon represents the Fermi 
velocity 𝜈𝐹  is a constant. 
 
From former section, the relationship between refractive index and conductivity 
(see formula 𝑛𝑔 = √𝜀𝑟 = √1 +
𝜎
𝑗𝜔𝜀0
 ) also works in the gate-dependent conditions. 
The normalized change of the power reflectivity on the sample surface without and with 
the graphene can be calculated based on the multilayer interference theory as [120]: 
∆𝑅
𝑅0
= 𝜋𝑑𝑔 ∙ 𝑅𝑒{(1 − 𝑛𝑔
2)(1 + 𝑟0)
2/(𝑟0𝜆)}              (4-38) 
Where 𝑅0  is the optical reflectivity of the substrate without graphene, 𝑑𝑔  is the 
thickness of graphene, 𝑛𝑔  is the refractive index of graphene, 𝜆  is the incident 
wavelength. For the sample we used in the experiment, the substrate SiO2/Si: 
 
𝑟0 =
(𝑟01𝑒
𝑗𝛽𝑜𝑥𝑑𝑜𝑥 + 𝑟12𝑒
−𝑗𝛽𝑜𝑥𝑑𝑜𝑥 )
(𝑒𝑗𝛽1𝑑1 + 𝑟01𝑟12𝑒
−𝑗𝛽𝑜𝑥𝑑𝑜𝑥 )
⁄     (4-39) 
 
𝑅0 = |𝑟0 |
2                       (4-40) 
 
Where, 𝛽𝑜𝑥 = 2𝜋𝑛𝑜𝑥 /𝛾  is the propagation constant of the SiO2 layer; 𝑟01 =
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(𝑛𝑜𝑥 − 1)/(𝑛𝑜𝑥 + 1)  and 𝑟12 = (𝑛𝑠 − 𝑛𝑜𝑥)/(𝑛𝑠 + 𝑛𝑜𝑥 )  are Fresnel reflectivities at 
air/SiO2 and SiO2/Si interfaces respectively, with 𝑛𝑜𝑥 =1.4 and 𝑛𝑠 = 3.46  refractive 
indices of SiO2 and Si. 
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Figure 4.23 Complex refractive index change with different gate voltage according to 
experimental results. Top-gated graphene sample monolayer graphene on SiO2/Si substrate under 
1064nm laser beam 
 
Figure 4.23 illustrates the real and imaginary part of the graphene refractive index 
as the function of chemical potential from equation (4-35) the bottom horizontal axis is 
gate voltage, which is related to the chemical potential from equation (4-36). We used 
VD=65V and dox=300nm to obtain the best fitting for the measured result. Besides, from 
the plot, when the gate voltage equals zero, means no external voltage applied to the 
sample, the values of real and imaginary parts are 𝑛𝑔
′ =2.81 and 𝑘𝑔 =1.78 respectively. 
This value is similar to the former reflection experimental results 𝑛𝑔
′ =2.75 and 
𝑘𝑔 =1.57, which performed under 1550nm laser (showed in Figure 4.13). The optical 
index value of graphene at zero voltage points founds that different incidents can 
determine refractive index monolayer graphene, the amount grows with longer incident 
wavelength. Further, the various gates and SiO2/Si substrate thickness also have 
influences on the graphene RI value. The difference between the two results isvarious 
mainly from the different incident wavelengths.  
F. Xu et al [120] reported a similar work that measuring the reflectivity change on 
graphene when applied constant increasing gate voltage. The substrate of their sample 
is SiO2 (90nm) and Si as the back gate, the incident is from 1550nm continuous laser. 
And the complex refractive index results is larger than ours (shown in Figure 4.24). 
From the Figure 4.24, we can see that the real part of the RI has about 0.4 difference 
between the two experiments but the imaginary parts are almost same for two tests.  
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Figure 4.24 Refractive index values compare between F. Xu [120] group work (λ=1550nm) 
and current experiments (λ=1064nm). 
4.3.4  Conclusion  
In summary, the reflectivity variation across the edge of CVD graphene on a SiO2 
(300 nm)/Si substrate measured at 1064 nm optical communications wavelength. The 
measured change of reflection as the function of applied gate voltage agrees reasonably 
well with the theoretical prediction based on modeling using the Kubo formula. We 
verified the tunability of complex refractive index of graphene, which is the most 
important parameter for the design of graphene-based photonic devices for optical 
communications. 
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5 Conclusions 
Graphene is found to be an excellent material for the optoelectronic applications, 
due to its unique optical, electrical, and mechanical properties. The optical properties 
have been studied intensely due to their extraordinary transmission response to different 
optical regions (from Terahertz to infrared). This thesis has obtained the complex 
refractive index of monolayer graphene through optical reflection measurements.  
The optical absorption of graphene varies in response to different substrates and 
doping conditions. Therefore, we started with the graphene sample syntheses in our 
experiments, which described in chapter 3. Monolayer graphene was fabricated with 
chemical vapor deposition (CVD) methodology, grown on commercial copper and then 
transferred onto a SiO2/Si wafer. Top gate samples implemented with atomic layer 
deposition on graphene samples.   
The optical reflection experiments described in chapter 4, included (ⅰ) the setup 
design, (ⅱ) reflection tests on graphene/SiO2 (300nm)/Si (525μm) samples under the 
1550nm laser, and (ⅲ) gated graphene reflection tunability under a 1064nm laser.  
The optical refractive index of graphene was derived from the reflection test 
results on graphene samples through transfer matrices method, and obtained the real 
part 𝑛𝑔
′  range from 2.4 to 3.0, and imaginary part 𝑘𝑔  is between -1.5 and -1, 
respectively. We compared this value range with several reported results proved the 
range can describe the optical property well. We also introduced a theoretical method 
“k&n” to estimate the complex value of graphene RI. This method is based on the 
proved universal optical absorption of single-layer graphene. Combining the above 
methods, we obtained the complex monolayer graphene RI 𝑛𝑔 = 2.75 − 1.56𝑖 , at 
1550nm.  
Graphene is a semi-metal due to its zero-gap band structure, which is sensitive to 
variations of the energy potential change. The sensitivity of graphene’s conductivity to 
an applied gate voltage influences its refractive index of optical frequencices. Therefore, 
our reflection tunability experiments tested the top-gated graphene optical response to 
the electrical field changes. We checked the photocurrent change with continuous 
increasing gate voltage as the characterization of the gating, then compared this change 
with results under the vacuum condition. The photocurrent descended linearly with 
increases gate voltage, which was slower than one at vacuum condition. Then we 
presented the Fermi energy level change to increasing gate voltage, which satisfied with 
the energy level of field-effect transistors (FET). The change of the gate voltage enables 
the top-gated graphene sample as a GFET. 
How graphene RI changes with increasing gate voltage was calculated through the 
graphene band structure model and derived that when the gate voltage was continuously 
growing from -50V to 50V. The real part rises before 0V and descends slowly after, and 
reached the peak at 𝑛𝑔
′ =2.81. But the imaginary part rises continuously, and when the 
gate voltage is 0V, the value is 𝑘𝑔 =1.78, which is near to the former results. The small 
difference arises from the different incident wavelength. We also compared our results 
with a reported one [120]. Graphene RI’s tendency to change in both studies is similar 
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(Figure 4.24), differences between values are mainly due to the different samples and 
incident wavelengths. We can see that the imaginary parts in the two are similar, which 
illustrates that the optical absorption of graphene is stable. 
The work has been focused on graphene’s linear refractive index measurement 
through reflectometry setup. The next step would be to generalize the characterization 
to both reflection and transmission measurements to obtain more accurate values of 
graphene RI. Then this configuration can also be used to characterize the nonlinear 
refractive index of graphene, namely the Kerr effect. 
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